P
rions are best known as the infectious agents proposed to be responsible for the mammalian transmissible spongiform encephalopathies including scrapie in sheep, mad cow disease in cattle, and Creutzfeldt-Jakob disease in humans (1) . The prion form of the PrP protein is proposed to propagate its abnormal form to other ''normal'' PrP protein molecules with the same primary sequence (2, 3) . Evidence suggesting that self-propagating prion proteins are not limited to PrP was presented in 1994 by Wickner (4) . Three yeast proteins with self-perpetuating, alternate conformations have now been well described: [PSI ϩ ] (5), the prion form of the translational termination factor Sup35 (6-8); [URE3] (9), the prion form of the nitrogen catabolite repressor Ure2 (4, 8) ; and [PIN ϩ ] (10, 11), the prion form of Rnq1 (12, 13 ], is enhanced by overproducing the corresponding prion domains (12, 14, 15) . The increased number of protein molecules presumably enhances the chance that a prion seed will form de novo. However, de novo appearance of some prions depends on the presence of other prions or prion-like aggregates (13, 16 (10, 11) , and later showed that [PIN ϩ ] is equivalent to the prion form of Rnq1 (13) . The presence of [URE3] The existence of different heritable forms or strains of prions is a fascinating chapter in the biology of prions. Prion diseases exhibit variable incubation times, neurodegenerative patterns, and PrP prion deposits, all of which remain distinct on transmission in inbred mammals (17) . Recent evidence supports the idea that prion strain variation is a result of the PrP protein's ability to propagate in different heritable prion forms (18) (19) (20) . Others, however, view the existence of prion strains as more compatible with a viral model for prion disease (21) . The finding of [PSI ϩ ] strains (14) , and more recently [URE3] strains (22) , in yeast, where the viral hypothesis is unreasonable, supports the idea that prion strains result from multiple prion protein forms.
Distinct strains of [PSI ϩ ] have different mitotic stabilities (frequencies of [PSI ϩ ] loss), translational termination activities as measured by suppression of nonsense codons (14) , and levels of nonaggregated Sup35 (23) . Weak [PSI ϩ ] are less stable than strong [PSI ϩ ] in mitotic division (14) , and the levels of nonaggregated Sup35 and accompanying translational termination are higher in weak [PSI ϩ ] cells than in strong [PSI ϩ ] cells (23) . Strains of [PSI ϩ ] have also been distinguished by their differential responses to mutations in the SUP35 gene (24, 25) and by their responses to chaperones (26) . Several (23, 24) . Several in vitro studies support the hypothesis that strains of [PSI ϩ ] result from distinct protein conformations of Sup35. Purified Sup35 prion domain (Sup35NM) forms fibers in vitro with either wavy or straight structures (28) . Also, a purified chimeric Sup35NM was shown to form aggregates with distinct conformations and distinct in vitro seeding activities (29 (26) . Hsp104 functions together with Hsp40 and Hsp70 (35) to promote the renaturation of denatured or aggregated proteins (36) . The effect of Hsp104 on [PSI ϩ ] is modified by levels of, and alterations in, the Hsp70 family members Ssa and Ssb (26, (37) (38) (39) . Maintaining the prion form of Rnq1 requires specific domains of the Hsp40 family member Sis1 (34) . In addition, a specific mutation of SIS1 caused an altered aggregation pattern of the Rnq1 prion that appeared to be heritable even in the absence of the SIS1 mutation (34) .
Here ) and HE231 (RNQ1 3Ј UTR, 5Ј-CCACTCTTACATTGT-CATT-3Ј). Transformants were selected on YPD containing 300 g͞ml G418, after a recovery period in YPD. To confirm the disruption of RNQ1, candidate mutants were analyzed by PCR using primers HE265 (RNQ1 5Ј UTR, 5Ј-GAATGATCCATCGT-TCTTAC-3Ј), HE266 (RNQ1 3Ј UTR, 5Ј-GATGGCTTATATC-CTGCTC-3Ј), HE267 (kanMX4 pointing to 5Ј end, 5Ј-CTGCAGC-GAGGAGCCGTAAT-3Ј), and HE268 (kanMX4 pointing to 3Ј end, 5Ј-TGATTTTGATGACGAGCGTAAT-3Ј).
GuHCl-treated versions of yeast strains A3099 (MAT␣ ade2-1 ] on the basis of growth inhibition. YDJ1 under the control of the GAL1 promoter is present on a CEN LEU2 plasmid (p901); the parent plasmid without YDJ1 is pH316 (33) . Plasmids pRNQ1-GFP and pSUP35NM-GFP, which respectively contain the fusions of either RNQ1 or the NM domains of SUP35 to green fluorescent protein (GFP) under the control of the CUP1 promoter, were used to score for [PIN ϩ ] as described previously (13) . Plasmids used for the [URE3] induction experiments were 2-based, with a LEU2 marker and the GAL1 promoter to express URE2 (pH376), URE2 (1-65) (pH382), URE2⌬ 151-158 (pH377), or no expression of URE2 as a negative control (pH317) (52) . ] recipients. Either the donor or the recipient carried the kar1-1 allele, which inhibits nuclear fusion (53) . When the recipient was cycloheximide-resistant (cyh R ), cytoductants were selected on synthetic glycerol medium containing cycloheximide. Otherwise, diploids and cytoductants were selected on synthetic glycerol medium deficient in a nutrient required by the donor strain for growth. Cytoductants were then identified by subcloning the population and screening colonies for the recipient mating type and auxotrophic markers. were grown in liquid YPD to mid-log (OD 600 Ϸ 1.0). Harvested cells were resuspended in lysis buffer [50 mM Tris, pH 8.0͞150 mM NaCl͞0.2% Triton X-100͞1.9 g/ml aprotinin͞3.5 g/ml E-64͞5 g/ml leupeptin͞5 g/ml pepstatin͞400 g/ml 1,10 phenanthroline͞500 g/ml PMSF͞50 g/ml N-(p-tosyl)lysine chloromethyl ketone (TLCK)], and mixed with 750 l of glass beads͞lysis buffer slurries. Total protein lysates were obtained by vortexing each tube eight times for 10 s, with intermittent incubations on ice, and removing cell debris at 10,000 ϫ g for 10 min. The protein concentrations of the cleared lysates were measured (Bio-Rad Protein Assay), and lysis buffer was added to normalize the samples. Total protein lysate (1-2 mg) was fractionated at 280,000 ϫ g for 30 min in a Sorvall TLA100.1 rotor. Pelleted proteins were resuspended in 200 l of lysis buffer. Rnq1 was detected with a polyclonal antibody (kind gift from S. Lindquist, University of Chicago). (Fig. 1) . Tetrad analyses revealed that strong ] of 3,530 colonies from SL1142-1A). Therefore, the observed effect was not a result of the conditions used to induce sporulation. The effect was also not due to heightened instability in the diploid phase because the frequency of weak [PSI ϩ ] loss from mitotic diploid progeny was only 0.07% (average of Ϸ3,450 colonies from three independent, equally represented trials). Thus, some aspect of meiosis interferes with the inheritance of [PSI ϩ ]. Likewise, although [URE3] is highly stable during mitotic growth, it is frequently lost in meiotic segregants (4, 9, 40 (Fig. 3) (Fig. 3 and data not shown) . Therefore, the winner in these competitions is not always the one with the ''strongest' ' Each row represents the sum of progeny obtained from two to four independent diploids. At least one diploid was from a cross between derivatives of L1842 and L1843, and one was from a cross between derivatives of L1844 and L1845. Weak and strong refer to the [PSI ϩ ] variants. (Fig. 4) (Table 3) .
Influence of [PIN
Although it generally appears that prions enhance the appearance of other prions (13) [PIN ϩ ] phenotypes were scored using the SUP35 overexpression assays shown in Fig. 2 . For each row, Ϸ10 progeny were obtained from 3 or 6 independent diploids. Low, medium (Med.), and very high (V.H.) variants of [PIN ϩ ] were used. variants. Lysates were fractionated into soluble (S) and pellet (P) fractions by ultra-centrifugation. Rnq1 was detected by Western blotting with polyclonal Rnq1 antibody (kind gift from S. Lindquist). Stripped blots were then re-probed with monoclonal Sup35 antibody (Control) as a loading control. Note, the soluble Rnq1 in this figure were exposed twice as long as the Rnq1 in the pellet. The gradient depicted was generally reproducible; however, in three of eight independent protein isolations, the level of soluble Rnq1 in the v.h. and low variants appeared similar. Because two variants of the same prion compete for the same pool of newly synthesized protein to reproduce and be heritable, faster replicating variants should eventually outcompete slower or less stable variants by starving them for convertible protein (Fig. 5) . Indeed we found that [PIN ϩ ] variants, which maintain little soluble Rnq1 but abundant aggregated Rnq1, indicating fast reproduction, Two mechanisms of prion-facilitated prion appearance have been proposed (13, 16) . According to the seeding model, heterologous prions provide a template for initial cross-seeding of a de novo prion aggregate. The titration model hypothesizes that preexisting heterologous prion aggregates sequester a protein that normally inhibits prion appearance, thereby allowing other prions to appear more easily. Our current finding of no correlation between the efficiencies with which the different [PIN ϩ ] variants promote the appearance of [PSI ϩ ] and the efficiencies with which they promote the appearance of [URE3] can most easily be explained by the cross-seeding model. We propose that some [PIN ϩ ] variants cross-seed Sup35 better than Ure2, whereas others exhibit the opposite preference (Fig. 6 ). More complicated scenarios involve combinations of the seeding and titration models, or multiple inhibitors with distinct binding properties.
Effect of YDJ1 Overexpression on [PIN
The [PIN ϩ ] variants described here cannot easily be distinguished by the amounts of aggregated Rnq1 (Fig. 4) . There is also no correlation between the levels of soluble Rnq1 and the phenotypes of the [PIN ϩ ] variants: the order of increasing soluble Rnq1 levels is high, medium, low, then very high. One possibility to explain this conundrum is that different prion conformations of Rnq1 are better at influencing [PSI ϩ ] appearance, and these conformations are only coincidentally distinguishable by soluble Rnq1 levels. Another possibility is that accessory proteins, such as Sis1 (34) 
